Chlorophyll breakdown occurs in different green plant tissues (e.g. during leaf senescence and in ripening fruits). For different plant species, the PHEOPHORBIDE A OXYGENASE (PAO)/phyllobilin pathway has been described to be the major chlorophyll catabolic pathway. In this pathway, pheophorbide (i.e. magnesium-and phytol-free chlorophyll) occurs as a core intermediate. Most of the enzymes involved in the PAO/phyllobilin pathway are known; however, the mechanism of dephytylation remains uncertain. During Arabidopsis (Arabidopsis thaliana) leaf senescence, phytol hydrolysis is catalyzed by PHEOPHYTINASE (PPH), which is specific for pheophytin (i.e. magnesium-free chlorophyll). By contrast, in fruits of different Citrus spp., chlorophyllase, hydrolyzing phytol from chlorophyll, was shown to be active. Here, we enlighten the process of chlorophyll breakdown in tomato (Solanum lycopersicum), both in leaves and fruits. We demonstrate the activity of the PAO/phyllobilin pathway and identify tomato PPH (SlPPH), which, like its Arabidopsis ortholog, was specifically active on pheophytin. SlPPH localized to chloroplasts and was transcriptionally up-regulated during leaf senescence and fruit ripening. SlPPH-silencing tomato lines were impaired in chlorophyll breakdown and accumulated pheophytin during leaf senescence. However, although pheophytin transiently accumulated in ripening fruits of SlPPH-silencing lines, ultimately these fruits were able to degrade chlorophyll like the wild type. We conclude that PPH is the core phytol-hydrolytic enzyme during leaf senescence in different plant species; however, fruit ripening involves other hydrolases, which are active in parallel to PPH or are the core hydrolases in fruits. These hydrolases remain unidentified, and we discuss the question of whether chlorophyllases might be involved.
Chlorophyll breakdown is an important physiological process in plants that occurs during different phases of plant development. Most obvious and eye-catching is the loss of green pigment color during autumnal leaf senescence in deciduous trees, but also the ripening phase of many fruits such as banana (Musa acuminata) and tomato (Solanum lycopersicum) includes massive degradation of chlorophyll.
For many years, chlorophyll degradation was considered a biological enigma (Hendry et al., 1987) . Only the identification and structure determination of a first colorless nonfluorescent chlorophyll catabolite from senescing barley (Hordeum vulgare) as a (final) breakdown product (Kräutler et al., 1991) paved the way for the step-wise elucidation of a pathway of chlorophyll degradation (for review, see Hörtensteiner and Kräutler, 2011; Kräutler and Hörtensteiner, 2013; . This pathway leads to the ultimate degradation of chlorophyll to a group of colorless, linear tetrapyrroles, termed phyllobilins (Kräutler and Hörtensteiner, 2013) .
The pathway can be divided into two parts. Early reactions take place within senescing chloroplasts and result in the formation of a colorless primary fluorescent chlorophyll catabolite (pFCC; Fig. 1 ; Mühlecker et al., 1997) . The reactions catalyzing the chlorophyll-to-pFCC conversion are commonly present in land plants (Hörtensteiner, 2013) and, therefore, represent the core part of the pathway. The second part of the chlorophyll degradation pathway is characterized by largely speciesspecific modifications at different peripheral positions within pFCC (indicated in Fig. 1 with R 1 -R 4 ) and ultimate conversion to respective nonfluorescent phyllobilins that represent the end products of chlorophyll breakdown in most species and are stored in the vacuole (Kräutler and Hörtensteiner, 2013) .
To date, a total of four steps are known to be required for the conversion of chlorophyll a to pFCC. Except for the activity that is responsible for magnesium dechelation, genes encoding these catalytic activities have been identified in Arabidopsis (Arabidopsis thaliana) and other species. Since all except one of the phyllobilins that have been characterized structurally are derived from chlorophyll a (Hörtensteiner and Kräutler, 2011) , the reductive part of the chlorophyll cycle that converts chlorophyll b into chlorophyll a has been considered an integral part of senescence-related chlorophyll breakdown (Tanaka et al., 2011) .
The magnesium-and phytol-free intermediate of chlorophyll a, pheophorbide a, is a genuine breakdown product of chlorophyll . However, the means of pheophorbide formation during leaf senescence was (and still is) controversial, because the order of reactions-that is, dechelation versus dephytylationwas unclear (Amir-Shapira et al., 1987) , although the favored hypothesis was that dephytylation by CHLO-ROPHYLLASE (CLH) would precede magnesium dechelation (Tanaka and Tanaka, 2006) . We recently showed that the two CLHs of Arabidopsis are dispensable for leaf senescence . Instead, we and others identified a novel esterase, PHEOPHYTI-NASE (PPH), which specifically dephytylates pheophytin, but not chlorophyll, and is required for chlorophyll breakdown in Arabidopsis and rice (Oryza sativa; Morita et al., 2009; Schelbert et al., 2009; Ren et al., 2010) . Thus, PPH-deficient mutants exhibit a stay-green phenotype, which is characterized by a high retention of chlorophyll together with the accumulation of significant amounts of pheophytin during leaf senescence. This indicates that dechelation precedes dephytylation, at least during leaf senescence. By contrast, CLHs have been implicated in the postharvest senescence of broccoli (Brassica oleracea var italica) and citrus (Citrus spp.) fruit ripening (Jacob-Wilk et al., 1999; Azoulay Shemer et al., 2008; Chen et al., 2008; see below) . Pheophorbide a, the last chlorin-type intermediate of chlorophyll breakdown, is oxygenolytically opened by PHEOPHORBIDE A OXYGENASE (PAO) to yield a red chlorophyll catabolite, which is further reduced to pFCC by RED CHLOROPHYLL CA-TABOLITE REDUCTASE (RCCR; Rodoni et al., 1997) . PAO is responsible for the open tetrapyrrolic backbone of the phyllobilins. For this reason, the pathway described above is now termed the PAO/phyllobilin pathway of chlorophyll breakdown (Kräutler and Hörtensteiner, 2013) .
Recently, it was shown that the chloroplast-localized chlorophyll catabolic enzymes (CCEs) physically interact at the thylakoid membrane, most likely to allow metabolic channeling of the breakdown intermediates upstream of pFCC that are potentially phototoxic (Sakuraba et al., 2012) . STAY-GREEN (SGR), a chloroplast-localized protein (Hörtensteiner, 2009) , is critical for these interactions; nonyellowing1-1, an Arabidopsis SGR mutant (Ren et al., 2007) , is defective in CCE protein interaction (Sakuraba et al., 2012) . This indicates that, rather being biochemically active itself, SGR may function as a scaffold protein to recruit CCEs for protein complex formation during chlorophyll breakdown. As a consequence, mutants that are deficient in SGR exhibit a stay-green phenotype (Barry, 2009; Hörtensteiner, 2009 ). In addition, SGR (negatively) regulates carotenoid biosynthesis during tomato fruit ripening (Luo et al., 2013) and (positively) regulates root nodule senescence in Medicago truncatula (Zhou et al., 2011) , implying that SGR has diverse functions that are not restricted to chlorophyll degradation.
The PAO/phyllobilin pathway has largely been elucidated through investigations that focused on leaf (Kräutler and Hö rtensteiner, 2013) . Relevant reactions (PPH, CLH, PAO, and RCCR) are indicated. Note that dephytylation by PPH was shown to be the major reaction of pheophorbide a formation during leaf senescence in Arabidopsis . The inset indicates that conversion of chlorophyll to pFCC requires the concerted action of different CCEs and of SGR.
senescence. Nevertheless, chlorophyll breakdown during fruit ripening was considered to be identical to the mechanism occurring during leaf senescence (Hörtensteiner and Kräutler, 2011) . Deficiency of SGR, as for example in the tomato green flesh (gf) and the red pepper (Capsicum annuum) chlorophyll retainer mutants, causes a stay-green phenotype of these mutants in leaves and fruits (Barry et al., 2008; Borovsky and Paran, 2008) , indicating that SGR is required for chlorophyll breakdown in both tissues. Similarly, PAO and RCCR were found to be active in chromoplast membranes isolated from tomato and red pepper fruits Akhtar et al., 1999) , and recently, different fluorescent and nonfluorescent phyllobilins were shown to occur in ripening apple (Malus domestica), pear (Pyrus communis), and banana (Kräutler, 2008; Moser et al., 2009 ). Finally, SGR and PAO have been identified in a recent proteome analysis of tomato chromoplasts . In summary, these data indicate that the pathways of chlorophyll breakdown during fruit ripening and leaf senescence are identical. Yet, the identification of PPH as the major dephytylating enzyme of leaf senescence challenges this view, because, contrary to the situation in leaves, CLH was shown to be involved during ethylene-induced ripening of citrus fruits (Jacob-Wilk et al., 1999; Harpaz-Saad et al., 2007; Azoulay Shemer et al., 2008) .
The aim of this work, therefore, was to investigate whether PPH, besides its requirement for leaf senescence, is also involved in chlorophyll breakdown during fruit ripening. Using tomato as a model, we show that the PAO/phyllobilin pathway is active both during fruit ripening and leaf senescence, because genes encoding CCEs and SGR are transcriptionally up-regulated in both ripening fruits and senescing leaves. However, lines silenced in tomato PPH (SlPPH) were specifically deficient in leaf senescence-related chlorophyll breakdown, while the involvement of PPH in fruit ripening-related breakdown seems to be less important. Although our data show a transient delay of chlorophyll breakdown in the absence of PPH, SlPPH-silencing fruits ultimately degrade chlorophyll like the wild type. Pheophytinspecific phytol hydrolysis was reduced in chromoplasts of SlPPH-silencing lines, but substantial enzyme activity remained in these lines, which leads us to speculate that other hydrolases are important (in addition to PPH). The identity of these activities remains elusive.
RESULTS

The PAO/Phyllobilin Pathway Is Active during Chlorophyll Degradation in Tomato Leaves and Fruits
To enlighten whether the PAO/phyllobilin pathway is responsible for the loss of chlorophyll in tomato, CCE gene expression was analyzed during leaf senescence and fruit ripening. Yellowing was observed during the progression of natural senescence of tomato leaves starting at 60 d after germination ( Fig. 2A ), and within 23 d, the content of chlorophyll a and b decreased to around 30% of the initial amount ( Fig. 2C ). As shown in Figure 2 , B and D, the chlorophyll content of tomato fruits at the breaker stage was reduced within 4 d of ripening, and red and yellow pigments, mainly carotenoids , became visible. Gene expression levels of SlSGR and SlPAO, as analyzed by semiquantitative reverse transcription (RT)-PCR, increased during both leaf senescence and fruit ripening (Fig. 2 , E and F). Figure 2 . The PAO/phyllobilin pathway is active during chlorophyll degradation in tomato leaves and fruits. A, Phenotypic appearance of the first true leaves from wild-type tomato during natural senescence starting from 60 d after germination. B, Phenotypes of fruits during ripening. GM, Green mature; B, breaker. C and D, Quantification of total chlorophyll during natural leaf senescence (C) and fruit ripening (D). Total leaves and fruit exocarp and mesocarp tissues at the indicated times were used for chlorophyll quantification. Data represent means of three technical replicates 6 SD. FW, Fresh weight. E and F, Analysis of gene expression during natural leaf senescence (E) and fruit ripening (F). SlTIP41 was used as a control (Expó sito-Rodríguez et al., 2008) . Expression was analyzed with the number of PCR cycles as indicated. PCR products were separated on agarose gels and visualized with ethidium bromide.
These results confirmed published quantitative PCR (qPCR) data on CCE gene expression (Lira et al., 2014) and indicated that the PAO/phyllobilin pathway is activated during chlorophyll breakdown in tomato and that chlorophyll is degraded in a similar manner in tomato leaves and fruits. Nevertheless, it remained to be demonstrated whether the core phytol hydrolytic enzyme during chlorophyll degradation is PPH, as demonstrated in Arabidopsis leaves . (Solly) . Two potential start Met residues are underlined. Cleavage sites of the chloroplast transit peptide sequences as predicted by ChloroP (Emanuelsson et al., 1999) are indicated with arrows. The PPH motif ) containing the active-site Ser residue (arrowhead) is boxed. Identical amino acids are shaded in gray.
SlPPH Is Expressed in Tomato and Localizes to Chloroplasts
BLASTP searches (Altschul et al., 1997) for PPH protein homologs in tomato identified SlPPH (Solyc01g088090). Highly homologous PPH proteins were present in all sequenced plant genomes as single proteins, except for soybean (Glycine max) and common bean (Phaseolus vulgaris), with three and two PPHs, respectively (Fig. 3A ). PPHs of species within different plant families, including Fabaceae, Brassicaceae, Solanaceae, and Gramineae, clustered into separate clades. Overall protein sequence identity within families was between 65% and 96%, and even the most divergent PPH from Genlisea aurea was more than 58% identical to the other protein sequences. An alignment of SlPPH and AtPPH, which exhibits 62.8% sequence identity, is shown in Figure 3B . The conserved PPH domain ) with its proposed active-site Ser residue (boxed in Fig. 3B ) was present in all PPH proteins included in the phylogenetic tree of Figure 3A . Expression of SlPPH, as analyzed by semiquantitative RT-PCR, increased with the onset of leaf senescence and fruit ripening and correlated with the transcript levels of SlPAO and SlSGR (Fig. 2 , E and F). From these results, we concluded that SlPPH is involved in chlorophyll breakdown and likely acts as the phytol hydrolytic enzyme in leaves and fruits. In order to analyze the subcellular localization of SlPPH, which based on its proposed function was expected to localize to plastids, we constructed C-terminal GFP fusions (SlPPH-GFP). The sequence of the predicted SlPPH complementary DNA (cDNA) contained two possible inframe start codons (underlined Met residues in Fig. 3B ); however, none of these encoded a PPH version that would contain an N-terminal chloroplast transit peptide according to the prediction by ChloroP (Emanuelsson et al., 1999) . Therefore, both varieties, SlPPH(long) and SlPPH(short), were cloned. The fusion proteins were transiently expressed in senescing Arabidopsis mesophyll protoplasts and analyzed by confocal laser-scanning microscopy. As shown in Figure 4 , the overlay of GFP fluorescence and chlorophyll autofluorescence indicated that the long SlPPH version localized to the chloroplast, while the GFP signal of the short version was detected in the cytosol. From these results, we conclude that SlPPH is indeed located in the chloroplast and that SlPPH(long) represents the full-length SlPPH version, with a likely 61amino acid chloroplast transit peptide as predicted by ChloroP (Emanuelsson et al., 1999;  Fig. 3B ).
SlPPH Is a Genuine PPH
Phylogenetic analysis and sequence alignment of PPH homologs revealed the PPH motif including the proposed active-site Ser residue to be present in SlPPH (Fig. 3B ). This indicated that SlPPH is a genuine PPH and, thus, an ortholog of Arabidopsis PPH . To confirm this, the Arabidopsis pph-1 mutant was complemented with an SlPPH cDNA construct (long version) under the control of the cauliflower mosaic virus (CaMV) 35S promoter. As shown earlier, pph-1 is impaired in chlorophyll breakdown and shows a stay-green phenotype ). To induce senescence, detached T1 leaves of three independent complementation lines (pph-1/35S::SlPPH_1, pph-1/35S:: SlPPH_2, and pph-1/35S::SlPPH_10) were dark incubated for 7 d. Indeed, ectopic expression of SlPPH complemented the pph-1 phenotype, and leaves of all three tested lines showed leaf yellowing comparable to the wild type ( Fig. 5A ). To further verify the function of SlPPH as PPH, we examined the enzymatic activity of a recombinant truncated version of SlPPH devoid of the predicted chloroplast transit peptide (DSlPPH). DSlPPH was expressed in Escherichia coli as an N-terminal maltose-binding protein fusion (MBP-DSlPPH). The recombinant fusion protein was highly stable and largely located in the soluble bacterial cell fraction ( Fig.  5B ). Using chlorophyll a or pheophytin a, or mixtures of both as substrate, we could confirm SlPPH to be highly specific for pheophytin a (Fig. 5 , C and D), comparable to its Arabidopsis ortholog ). These data strongly support the assumption that SlPPH acts as genuine PPH.
SlPPH Catalyzes the Cleavage of Phytol in Senescing Tomato Leaves
To analyze whether SlPPH is required for in vivo chlorophyll breakdown in tomato, transgenic tomato plants were generated that harbored an SlPPH-silencing construct expressed under the control of the CaMV 35S promoter (SlPPHi). Levels of SlPPH expression of several independent transgenic tomato lines were determined in leaf and fruit tissues by semiquantitative RT-PCR and qPCR (Supplemental Fig. S1 ). Several independent RNA interference (RNAi) lines displayed strongly reduced SlPPH expression as compared with the wild type, and lines SlPPHi_17 and SlPPHi_27, with expression levels of less than 16% and 7%, respectively, in leaves and fruits at breaker + 1 d were chosen for further analysis.
To elucidate whether the absence of SlPPH causes a stay-green phenotype during chlorophyll breakdown in leaves as described for Arabidopsis , senescence was initiated in detached leaves of the wild type, gf, SlPPHi_17, and SlPPHi_27 by dark incubation for up to 10 d in the presence of 1 mM ethephon, a precursor of ethylene. After 6 d, visual yellowing ( Fig. 6A ) and decrease of chlorophyll a and b (Fig. 6B ) were observed in wild-type leaves, while leaves of gf and the two silencing lines still appeared green and chlorophyll degradation was significantly delayed. Thus, after 10 d, chlorophyll content was decreased to less than 50% in the wild type, whereas in gf, SlPPHi_17, and SlPPHi_27, approximately 70% of the initial chlorophyll was still present. In addition, HPLC analysis of pigment extracts showed that pheophytin accumulated in both analyzed RNAi lines after 6 and 10 d of dark incubation (Fig. 6C ). By contrast, pheophytin was detected in only marginal amounts in wild-type and gf leaves. This was in agreement with the in vitro substrate specificity of SlPPH for Note that SlPPH specifically hydrolyzed pheophytin a to pheophorbide a, although chlorophyll a was present in excess. Arrows indicate HPLC retention times of substrates and the respective dephytylated products. D, Time-dependent formation of pheophorbide a and chlorophyllide a from pheophytin a and chlorophyll a, respectively, in assays with MBP-DSlPPH. Note that the activity of MBP-DSlPPH with chlorophyll a as substrate is marginal. Data are means 6 SD of three assays. pheophytin ( Fig. 5 ) and comparable to the effect in the Arabidopsis pph-1 mutant .
In Arabidopsis and many other species, nonfluorescent phyllobilins have been shown to constitute final catabolites of chlorophyll breakdown (Hörtensteiner and Kräutler, 2011; Kräutler and Hörtensteiner, 2013) . Tomato wild-type leaves accumulated large quantities of phyllobilins after 10 d of dark incubation (Fig. 6D ). By contrast, in SlPPHi_17 and SlPPHi_27 as well as in gf, phyllobilins did not accumulate to the same extent (Fig. 6D) , confirming the impairment of chlorophyll degradation in these lines. In summary, we conclude that SlPPH is the core hydrolytic enzyme during chlorophyll breakdown in tomato leaves and that its absence blocks the overall process of chlorophyll degradation. As a consequence, chlorophyll is retained, pheophytin accumulates, and phyllobilin abundance is largely diminished.
SlPPH Is Active during Fruit Ripening, But Other Unknown Hydrolases Are Active in Parallel As shown in Figure 2 , chlorophyll breakdown in tomato occurs during both leaf senescence and fruit ripening. Hence, we were interested in whether dephytylation in tomato fruits was also catalyzed by SlPPH, as shown for tomato leaves (Fig. 6 ). For this, we analyzed pigment composition in fruits of the wild type, gf, and the two RNAi lines SlPPHi_17 and SlPPHi_27 during the process of ripening at four different ripening stages: green mature, breaker, breaker + 2 d, and breaker + 4 d (Fig. 7) . When compared with the wild type, the two SlPPHsilencing lines were retarded in chlorophyll breakdown and showed higher chlorophyll levels at the onset of ripening (breaker) and the half-ripe stage (breaker + 2 d). However, at the full-ripe stage (breaker + 4 d), the RNAi lines had lost chlorophyll comparable to the wild type. This indicated that the absence of SlPPH caused a transient retention of chlorophyll during fruit ripening but did not result in a true stay-green phenotype, as in gf fruits ( Fig. 7A ; Barry et al., 2008) . The transient retardation of chlorophyll degradation in the silencing lines was accompanied by a transient accumulation of pheophytin a, the substrate of SlPPH, while wild-type and gf fruits did not accumulate pheophytin a at any stage of ripening ( Fig. 7B) . Thus, the RNAi lines accumulated up to 13-fold levels of pheophytin a at the breaker stage as compared with the controls. However, pheophytin a quantities were largely reduced at the breaker + 4 d stage in SlPPHsilencing fruits and were comparable to the wild type and gf (Fig. 7B ). This transient accumulation of pheophytin a during the fruit ripening process implied an involvement of SlPPH in chlorophyll breakdown also during fruit ripening on the one hand; on the other hand, however, it indicated that other phytol hydrolytic activities may be involved and may compensate for the absence of PPH in the silencing lines. To address this, we performed in vitro activity assays using chromoplasts of wild-type and RNAi lines at the breaker + 2 d stage, thereby comparing pheophytin-specific activities in solubilized and nonsolubilized chromoplast membranes. For different plant species, including citrus fruits, membrane solubilization has been shown to be a prerequisite for the activation of CLHs (and possibly other dephytylating activities), which are present in membranes in a latent form (Amir-Shapira et al., 1986; Matile et al., 1999) . Dephytylation of pheophytin was significantly reduced by about 25% in nonsolubilized chromoplasts of SlPPHi_17 and SlPPHi_27 when compared with the wild type (Fig. 7C) . These differences likely reflect the absence of SlPPH in the RNAi lines; in addition, other dephytylating activities are present in chromoplasts. Furthermore, after solubilization, Figure 6 . Silencing of SlPPH results in a stay-green phenotype in senescing tomato leaves. A, Leaf phenotype after 0, 6, and 10 d of ethylene-induced senescence in the dark. B to D, Pigment composition in senescing tomato leaves. B, Quantification of total chlorophyll. C, Quantification of pheophytin a. Note that pheophytin a was not detected (n.d.) in the wild type (WT) after 6 d of dark incubation. D, Quantification of phyllobilins after 10 d of dark incubation. All data are means of three biological replicates 6 SD. FW, Fresh weight.
overall activity in the wild type was about twice that compared with nonsolubilized chromoplasts, but it was not different between the wild type and the silencing lines for both chlorophyll and pheophytin (Fig. 7D ). This indeed supports the assumption that, besides PPH, major additional activities are present in ripening tomato fruit chromoplasts that are capable of dephytylation of either chlorophyll or pheophytin.
To test whether CLHs could be important, we analyzed tomato CLH (SlCLH) expression during leaf senescence and fruit ripening. The tomato genome contains four CLH genes. The deduced proteins of two of them (Solyc06g053980 = SlCLH1 and Solyc09g082600 = SlCLH3) clustered with Arabidopsis CLH2 in a phylogenetic tree, while Solyc09g06520 (SlCLH2) and Solyc12g005300 (SlCLH4) were more similar to AtCLH1 (Supplemental Fig. S2A ; Lira et al., 2014) . With the exception of a slight up-regulation of SlCLH1 during leaf senescence, the expression of none of the SlCLHs as analyzed by semiquantitative RT-PCR correlated with the progression of leaf senescence (Supplemental Fig. S2B ) or fruit ripening (Fig. 8) . Transcripts for SlCLH3 were hardly detectable. This confirmed published qPCR data on SlCLH expression (Lira et al., 2014) . It is interesting that these results reflect the situation in Arabidopsis, where CLH1 expression decreases during leaf senescence (Zimmermann et al., 2004; Winter et al., 2007) and PPH represents the major dephytylating activity ).
DISCUSSION
The identification of pheophorbide a as an intermediate of chlorophyll breakdown (Hörtensteiner et al., 1995) demonstrated that dephytylation is an early step of breakdown and occurs within plastids. Phytol removal is important for two reasons: (1) it renders chlorophyll breakdown products water soluble (that is, a prerequisite for their ultimate storage in the vacuole as phyllobilins; Matile et al., 1988; Kräutler and Hörtensteiner, 2013) ; and (2) removal of phytol is regarded as a prerequisite for the degradation of chlorophyll-binding proteins during senescence. Thus, mutants that are incapable of phytol hydrolysis, such as Arabidopsis pph-1 and rice nonyellow coloring3 (nyc3), exhibit a stay-green phenotype during leaf senescence and retain large quantities of light-harvesting complex subunits (Morita et al., 2009; Schelbert et al., 2009 ). Likewise, mutations in Pheophytin a + b or chlorophyll a + b was used as substrate, and the formation of the respective products (pheophorbide a or chlorophyllide a) was analyzed by HPLC. Note that, because the b forms of substrates were present in only small quantities in the assays, their products were not quantified. C, Hydrolytic activities in nonsolubilized chromoplasts (2Triton X-100). D, Total hydrolytic activities in solubilized chromoplasts (+Triton X-100). Data are means of three biological replicates 6 SD. FW, Fresh weight; WT, wild type. steps upstream of dephytylation, such as SGR and NYC1 (that is, a CCE involved in chlorophyll b-to-chlorophyll a reduction), also result in stay-greenness coupled to apoprotein retention (Kusaba et al., 2007; Park et al., 2007; Aubry et al., 2008; Barry et al., 2008; Horie et al., 2009) .
Pigment dephytylation was considered for more than a century to be catalyzed by CLHs (Willstätter and Stoll, 1913) that are able to hydrolyze both chlorophyll and pheophytin ). However, their molecular identification in 1999 (Jacob-Wilk et al., 1999; Tsuchiya et al., 1999) was puzzling, since, in contrast with the predicted localization within plastid membranes, some of the cloned CLHs were suggested to localize extraplastidically and all of the identified genes encoded predicted soluble rather than membrane-localizing proteins (Takamiya et al., 2000; Hörtensteiner, 2006) . Several reports that address the subcellular localization of CLHs have been published with conflicting results. Thus, the two Arabidopsis CLHs were shown to reside in the cytosol , while the CLHs of citrus and Ginkgo biloba localize within plastids (Okazawa et al., 2006; Azoulay Shemer et al., 2008) . The conflicting subcellular localization of CLHs prompted the hypothesis that additional extraplastidial breakdown pathways for chlorophyll may exist (Takamiya et al., 2000) . However, demonstration that chloroplast-localized PAO, acting downstream of dephytylation, is involved in chlorophyll breakdown (Hörtensteiner et al., 1995; Sakuraba et al., 2012) and the finding that the absence of both Arabidopsis CLHs had only a marginal effect on chlorophyll breakdown challenged this idea and questioned whether CLHs are involved at all. The identification of PPH as a pheophytin-specific phytol hydrolase ) supported this view, and now it is commonly accepted that PPHs rather than CLHs are responsible for leaf senescence-related chlorophyll breakdown (Tanaka et al., 2011) , at least in Arabidopsis and rice. The results of this study extend this assumption to tomato, because, as in Arabidopsis pph mutants , leaf yellowing was largely blocked in SlPPH-silencing lines and significant amounts of pheophytin a accumulated upon senescence induction in the dark (Fig. 6 ). Furthermore, genes encoding highly conserved PPHs are commonly present in higher plants (Fig. 3) , allowing the extrapolation that pheophytin-specific dephytylation by PPHs may be a common feature of chlorophyll breakdown during leaf senescence.
Chlorophyll breakdown, however, not only occurs during leaf senescence but also, for example, during leaf desiccation in resurrection plants (Craterostigma pumilum and Xerophyta viscosa), during fruit ripening and seed maturation (Armstead et al., 2007; Delmas et al., 2013; . Analysis of the dephytylation step in ripening fruits has been limited nearly exclusively to Citrus spp. (Amir-Shapira et al., 1987; Trebitsh et al., 1993; Jacob-Wilk et al., 1999; Azoulay Shemer et al., 2008) , where leaf senescence-related chlorophyll breakdown has not been studied in detail (Katz et al., 2005) . We chose tomato as a model because, besides a rather short life cycle, it offers established genetic tools as well as well-defined methods for fruit ripening and leaf senescence analysis (Akhtar et al., 1999; Barry et al., 2008) and, thus, allowed the simultaneous analysis of dephytylation during leaf senescence and fruit ripening ( Figs. 6 and 7) . With the SlPPH-silencing lines produced here, we are able to demonstrate that PPH surely participates in chlorophyll breakdown also during tomato fruit ripening, but its contribution is limited. Based on activity measurements on isolated chromoplast membranes ( Fig. 7) , we conclude that other phytol hydrolytic activities are present in ripening tomato fruits that either naturally participate in dephytylation as well or compensate for the absence of PPH in the silencing lines. The nature of these activities remains elusive; however, CLHs appeared as possible candidates. CLHs have been shown to dephytylate chlorophyll and pheophytin in vitro ). Furthermore, CLHs exhibit an intriguing latency, which requires their in vitro activation by detergents or high concentrations of solvents (Amir-Shapira et al., 1986; Matile et al., 1999) . In our assays, solubilization of chromoplasts with Triton X-100 increased the overall pheophytin hydrolytic activity by about 2-fold, indicating that CLHs contribute to the overall activity. This view that tomato CLHs may participate in dephytylation and/or may substitute for PPH seems to be in agreement with studies in citrus, where CLH was shown to play a major role in fruit ripening (Trebitsh et al., 1993; Brandis et al., 1996; Jacob-Wilk et al., 1999) . Thus, citrus CLH was detected in chloroplasts by in situ immunofluorescence labeling. Furthermore, the enzyme is proteolytically processed at the N-and C termini, posttranslational modifications that are unrelated to chloroplast targeting but were shown to be important for activity (Harpaz-Saad et al., 2007; Azoulay Shemer et al., 2008; Azoulay-Shemer et al., 2011) . Finally, citrus CLH is transcriptionally up-regulated during ethylene-induced citrus ripening (Jacob-Wilk et al., 1999). Because of the , 2008) . Expression was analyzed with the number of PCR cycles as indicated. PCR products were separated on agarose gels and visualized with ethidium bromide. PCR on genomic DNA (gDNA) was performed to test the efficacy of the primers used for gene expression analyses. The sizes of the fragments amplified with genomic DNA are indicated on the right. GM, Green mature; B, breaker.
presence of four CLH genes in the tomato genome, analysis of CLH function during fruit ripening was beyond the scope of this work and needs to be addressed in a separate study in the future. Nevertheless, we analyzed CLH expression, but in contrast to PPH expression (Fig. 2) , CLH transcript levels were rather low and did not correlate with the progression of fruit ripening or leaf senescence ( Fig. 8; Supplemental Fig. S2B ). We cannot exclude, however, the possibility that, also in tomato, CLHs may be regulated posttranscriptionally rather than at the expression level. Nevertheless, it is interesting that CLHs have not been identified in proteome analyses of tomato chromoplasts, in contrast to many CCEs, such as PPH, SGR, PAO and RCCR (Barsan et al., , 2012 Wang et al., 2013) , pointing to their presence, if at all, in rather low abundance.
Thus, despite the implication that CLHs may contribute to the overall phytol hydrolytic activity observed in tomato fruit chromoplasts, other explanations are possible as well. The genome of tomato, like other species , encodes several hundred a/b-hydrolases, many of which are predicted to localize to plastids. The common feature of such hydrolases is the presence of a catalytic triad with a conserved Ser residue (Tsuchiya et al., 2003) , but they group into distinct protein families based on sequence similarity. As an example, both tomato PPH and CLHs belong to the a/b-hydrolases, but their overall sequence identity is below 27%. It is possible that one or several other, so far unidentified, plastid-localizing hydrolases are involved in dephytylation during chlorophyll breakdown in tomato fruits. These activities may also contribute to the remaining chlorophyll degradation activities observed in leaves of SlPPH-silencing lines (Fig. 6B) and Arabidopsis pph mutants ). This view is supported from investigations in Arabidopsis, where VITAMIN E5 (VTE5) has been shown to be responsible for the biosynthesis of 80% of a-tocopherol present in seeds (Valentin et al., 2006) . VTE5 catalyzes the phosphorylation of phytol to phytyl phosphate (i.e. the first of two phosphorylation steps required to synthesize phytyl pyrophosphate for salvage into tocopherol; DellaPenna and Last, 2006; Ischebeck et al., 2006) . It is commonly accepted that phytol hydrolysis of chlorophyll is a major source of phytol for tocopherol biosynthesis. Surprisingly, however, the absence of PPH, the two CLHs, or all three genes in a triple mutant does not affect seed tocopherol content in Arabidopsis (Zhang et al., 2014) , pointing to a different phytol hydrolytic activity. Furthermore, triple pph-1 clh1 clh2 mutants do not show an embryo stay-green phenotype (Zhang et al., 2014) , contrary to mutants deficient in SGR or NYC1 (Nakajima et al., 2012; Delmas et al., 2013) .
Thus, it appears that SGR and some CCEs, such as NYC1 and PAO, are commonly active during chlorophyll degradation in different plant tissues, while PPH is active in leaf senescence but plays only a minor role during fruit ripening and seed development.
MATERIALS AND METHODS
Plant Material and Senescence Induction
Seeds of tomato (Solanum lycopersicum) ecotype Ailsa Craig wild type and gf were obtained from Yoram Eyal (Volcani Center). For analysis of fruit ripening, plants were grown in soil under nutrient-sufficient conditions; plants were kept in small pots with limited nutrient supply to induce timely leaf senescence. Growth was under long-day conditions in a greenhouse with fluence rates of 100 to 200 mmol photons m 22 s 21 at 25°C and 60% humidity. Alternatively, sterilized seeds were placed on one-half-strength Murashige and Skoog (MS) medium (2.2 g L 21 MS basal salt mixture, 10 g L 21 Suc, and 0.6% [w/v] phyotagar), and plants were grown for 4 to 6 weeks at 80 mmol photons m 22 s 21 at 21°C. Plants were subsequently transferred to soil and grown for another 5 to 6 weeks in a phytotron (12-h/12-h light/ dark cycle [40 to 50 mmol photons m 22 s 21 ], 60% humidity, and 22°C). For induction of senescence with ethylene, leaves of phytotron-grown plants were placed on filter paper soaked with 1 mM ethephon and incubated in the dark at room temperature. Likewise, leaves of Arabidopsis (Arabidopsis thaliana) Columbia-0 and pph-1 were placed on wet filter paper and incubated in the dark.
Analysis of Chlorophyll and Catabolites
For the determination of chlorophyll and pheophytin concentrations, pigments were extracted from tomato leaf tissue and flavedo of fruits by homogenization in liquid nitrogen and subsequent extraction into 90% (v/v) acetone and 10% (v/v) 0.2 M Tris-HCl, pH 8 Christ et al., 2012) . After centrifugation (2 min, 16,000g, and 4°C), supernatants were used for spectrophotometric analysis (Strain et al., 1971) or for reverse-phase HPLC (C18 Hypersil ODS column [125 3 4.0 mm, 5 mm], Linear 206 PHD-diode array detector [365-700 nm], and ChromQuest version 2.51 software [Thermo Fisher Scientific]) as described . Phyllobilins were extracted and analyzed by HPLC as described (Christ et al., 2012) .
Biocomputational Methods and Phylogenetic Analysis
SlPPH (Solyc01g088090.2) and SlCLHs (SlCLH1, Solyc06g053980.2; SlCLH2, Solyc09g065620.2; SlCLH4, Solyc12g005300.1; and SlCLH3, Solyc09g082600.1) were identified by BLASTP searches (Altschul et al., 1997) with the Sol Genomics Network database (http://solgenomics.net/) using Arabidopsis PPH (AtPPH) and CLH1 (AtCLH1), respectively, as queries. Full-length protein sequences of PPH homologs from other species were identified by BLASTP searches at the National Center for Biotechnology Information (http://ncbi.nlm.nih.gov/). Phylogenetic trees ( Fig. 3A; Supplemental Fig. S2A ) were estimated using the maximum likelihood method (http://phylogeny.fr; Dereeper et al., 2008) . Branch support values of the phylogram are based on 100 nonparametric bootstrap replicates. The sequence alignment between SlPPH and AtPPH (Fig. 3B ) was performed using the program DIALIGN (http://bibiserv.techfak.uni-bielefeld.de/dialign/ submission.html; Morgenstern, 2004) .
Generation of Transgenic Tomato Lines and pph-1 Complementation
cDNA derived from mature green tomato fruits was obtained from Yoram Eyal and was used to clone the full-length sequence of SlPPH [SlPPH(long)]. For silencing of SlPPH by RNAi, a 400-bp cDNA sense and antisense fragment of SlPPH was amplified using Pfu polymerase (Promega) with gene-specific primers as listed in Supplemental Table S1 and cloned in the silencing vector pHannibal (Wesley et al., 2001) . A NotI fragment containing the silencing construct between the CaMV 35S promoter and an OCTOPINE SYNTHASE terminator was excised and subcloned into pGreen0029 (Hellens et al., 2000) . For ectopic complementation of pph-1, full-SlPPH(long) was cloned in a pGreen0029-derived vector (pGr-At-RCCR; Pru zinská et al., 2007) that harbors a CaMV 35S promoter and a CaMV poly(A) terminator. For that, the NdeI/EcoRI insert of pGr-At-RCCR was replaced with a PCR-amplified (for primers, see Supplemental Table S1 ), NdeI/ EcoRI-restricted fragment containing SlPPH(long). After verifying the inserts by sequencing, both constructs were transformed into Agrobacterium tumefaciens strain GV3101 together with pSOUP (Hellens et al., 2000) . Arabidopsis pph-1 mutants were transformed by the floral dip method (Clough and Bent, 1998) . Transformants were selected on kanamycin, and plants of the T1 generation were used for further experiments.
To generate SlPPH-silencing tomato lines, seeds were sterilized with 1.2% (v/v) sodium hypochlorite for 15 min. Seeds were rinsed three times with sterile water and placed on medium (one-half-strength MS, 1.5% [w/v] Suc, and 0.8% [w/v] phytagar) in 10-cm-high sterile glass pots. After 9 to 12 d of growth under longday conditions in a culture room at 80 mmol photons m 22 s 21 at 21°C, cotyledons were excised by removing 2 to 3 mm of the leaf blades from both the proximal and distal ends. Cotyledons were placed upside down in petri dishes containing D1 medium (4.4 g L 21 MS salts including B5 vitamins, 30 g L 21 Glc, 1 mg L 21 zeatin, 0.1 mg L 21 naphthyl acetic acid, 1 mg L 21 folic acid, 2 mM MES-KOH, pH 5.6-5.7, and 8 g L 21 phytagar) and incubated in the culture room for 2 d. A. tumefaciens cells harboring the silencing construct were grown overnight at 28°C. Cells of a 20-mL culture were collected by centrifugation (6,000g for 15 min), and the pellet was resuspended in MSO-KOH, pH 5.6 (4.4 g L 21 MS salts including B5 vitamins and 20 g L 21 Suc) to an optical density at 600 nm of 0.4 to 0.5. Acetosyringone (100 mM) was added, and the culture was grown for another 2 h at 28°C. For transformation, cotyledons were incubated with the bacterial culture for 2 h in the dark. After another 2 to 3 d of cultivation on D1 medium, the cotyledons were transferred to D1 medium containing kanamycin (75 mg L 21 ) and timenten (100 mg L 21 ). Shoot regeneration was detected after about 30 d, and respective plantlets were then transferred to DL medium (4.4 g L 21 MS salts including B5 vitamins, 20 g L 21 Glc, 2 mg L 21 indole-3-butyric acid, 1 mg L 21 folic acid, 2 mM MES-KOH, pH 5.6-5.7, and 8 g L 21 agar) for root induction. Rescued transformants were transferred to soil.
GFP Fusion Protein Analysis
Both SlPPH cDNA varieties, SlPPH(long) and SlPPH(short), were amplified using PCR Extender polymerase (5Prime) with the gene-specific primers listed in Supplemental Table S1 . After restriction digestion with XmaI, the fragment was cloned into the corresponding site of pUC18-spGFP6 , thereby producing C-terminal fusions of SlPPH with GFP (SlPPH-GFP). Sequence accuracy was confirmed by sequencing. Mesophyll protoplasts were isolated from leaves of Arabidopsis (Columbia-0) grown under short-day conditions according to published procedures (Endler et al., 2006) . Leaves were incubated in the dark for 3 d prior to protoplast isolation. Cell numbers were quantified with a Neubauer chamber, and density was adjusted to 2 3 10 6 protoplasts mL 21 . Transformation of protoplasts was performed with 20% (w/v) polyethylene glycol as published . Transformed protoplasts were incubated in the dark at room temperature for 24 to 48 h prior to confocal laser-scanning microscopic analysis (Leica TCS SP5; Leica Microsystems). GFP fluorescence was imaged at an excitation wavelength of 488 nm, and the emission signal was detected between 495 and 530 nm for GFP and between 643 and 730 nm for chlorophyll autofluorescence.
RNA Isolation, Semiquantitative RT-PCR, and qPCR
For semiquantitative RT-PCR, total RNA was extracted from leaf tissues or the flavedo of fruits using TRIzol according to the manufacturer's instructions (Life Technologies). Polyvinylpolypyrrolidone was added to ground tissue for extraction. After DNA digestion with RQ1 DNase (Promega), first-strand cDNA was synthesized from total RNA using either the RETROscript kit (Life Technologies) or Moloney murine leukemia virus reverse transcriptase (Promega) and oligo(dT) 15 primers (Promega). PCR was performed with genespecific primers as listed in Supplemental Table S1 . To control primer suitability for RT-PCR analysis, PCR was run with genomic DNA extracted from tomato fruits. Tomato type 2A-interacting protein41 (SlTIP41) (Solyc10g049850.1) was used as the control gene (Expósito-Rodríguez et al., 2008) .
RNA extraction for qPCR analysis and qPCR were performed as described (Quadrana et al., 2013) . The PCR primers used are listed in Supplemental Table S1 . All reactions were performed with two technical replicates and at least three biological replicates. mRNA levels were quantified using the 7500 Real-Time PCR system (Applied Biosystems) and SYBR Green Master Mix (Applied Biosystems). Data were analyzed with LinRegPCR software (Ruijter et al., 2009 ) to obtain cycle threshold values and to calculate primer efficiency. Expression values were normalized to the mean of two constitutively expressed genes, TIP41 and EXPRESSED (Solyc07g025390.2.1; Expósito-Rodríguez et al., 2008) . A permutation test, which lacks sample distribution assumptions (Pfaffl et al., 2002) , was used to detect statistical (P , 0.05) differences in expression levels between samples using the algorithms in the fgStatistics software (http://sites.google.com/site/fgStatistics/).
Analysis of Recombinant SlPPH
For heterologous expression of SlPPH in Escherichia coli, a truncated cDNA fragment, lacking the 61 59-terminal amino acids encoding the likely chloroplast transit peptide, was produced by PCR using Extender polymerase (5Prime) with primers as listed in Supplemental Table S1 . After restriction digestion with EcoRI, the fragment was cloned into pMal_c2 (New England Biolabs), producing a truncated MBP-SlPPH fusion (MBP-DSlPPH). After verifying the insert by sequencing, the construct was transformed into E. coli BL21(DE3). Recombinant SlPPH protein was expressed and cells were lysed as described . PPH activity assays (300 mL) were performed with 15 mL of crude protein extract (approximately 130 mg of soluble protein), 0.1 mM pheophytin a and/or chlorophyll a (final acetone concentration, 6.7% [v/v]), and 0.1 M HEPES-KOH, pH 8, containing 1 mM EDTA. In assays with substrate mixtures, pheophytin a and chlorophyll a were present at concentrations of 35 and 65 mM, respectively. After incubation at 34°C for various time periods, reactions were stopped by adding 2 volumes of acetone and analyzed by reverse-phase HPLC as described . Pheophytin a was produced from pure chlorophyll a (LivChem) by acidification as described ).
Chromoplast Isolation and Activity Measurements
Chromoplasts of tomato mesocarp tissue at the breaker + 2 d stage were isolated as published for red pepper (Capsicum annuum; Christ et al., 2012) with some modifications. Mesocarp tissue was blended in a Sorvall mixer three times for 5 s with isolation buffer (1 mL g 21 fresh weight) containing 400 mM Suc, 50 mM Tris-MES, pH 8, 2 mM EDTA, 10 mM polyethylene glycol 4000, 5 mM dithiothreitol, and 5 mM L(+)-ascorbic acid. Subsequently, the suspension was filtered through two layers of gauze and centrifuged (10 min at 12,000g). The pellet was carefully resuspended in isolation buffer (1 mL g 21 fresh weight). After repeating the centrifugation step, chromoplasts were resuspended in Tris-MES buffer (0.05 mL g 21 fresh weight) containing 25 mM Tris-MES, pH 8, and 5 mM L(+)-ascorbic acid. Isolated chromoplasts were divided into two fractions and either supplemented with 0.1 volume of Tris-MES buffer containing 10% (v/v) Triton X-100 to obtain a final Triton X-100 concentration of 1% (v/v) (+Triton X-100) or chromoplasts were supplemented with 0.1 volume of Tris-MES buffer (2Triton X-100). Both chromoplast fractions were incubated with rotation in the dark at 4°C for 30 min. Aliquots of isolated chromoplasts were frozen in liquid nitrogen and stored at 280°C. Phytol hydrolysis assays (total volume of 100 mL) consisted of 10 mL of chromoplasts (corresponding to 0.2 g fresh weight), 70 mM pheophytin a/b or chlorophyll
